Building integrated photovoltaics (BIPVs) are photovoltaic (PV) modules integrated into the building envelope and hence also replacing traditional parts of the building envelope, e.g. the roofing. In this context, the BIPVs integration with the building envelope limits the costs by serving dual purposes. BIPVs have a great advantage compared to non-integrated systems because there is neither need for allocation of land nor stand-alone PV systems. This study seeks to outline various commercially available approaches to BIPVs and thus provides a state-of-the-art review. In addition, possible future research opportunities are explored.
Introduction
Currently, the world is using fossil fuel at an alarming rate that not only will strain the sources in the near future, but will result in a great amount of pollution as well. The power industry emissions were 10.9 gigatonnes of carbon dioxide equivalents (GtCO 2 e) per year in 2005, i.e. 24% of global Greenhouse Gas (GHG) emissions, and this is expected to increase to 18.7 GtCO 2 e per year in 2030 (McKinsey 2009) . "Carbon dioxide equivalent is the unit for emissions that, for a given mixture and amount of greenhouse gas, represents the amount of CO 2 that would have the same global warming potential (GWP) when measured over a specified timescale (generally, 100 years)" (McKinsey 2009 ).
Of all the renewable energy resources currently available, solar energy is the most abundant, inexhaustible and clean one (Peng et al. 2011) . In one day, the irradiation from the sun on the earth gives about 10 000 times more energy than the daily use from all mankind (Swiss BiPV Competence Centre 2010). The challenge is collecting this available energy at a reasonable cost.
One of the most promising renewable energy technologies is photovoltaics. "Photovoltaics (PV) is a truly elegant means of producing electricity on site, directly from the sun, without concern for energy supply or environmental harm" (Strong 2010 ).
Building integrated photovoltaics (BIPVs) are photovoltaic materials that replace conventional building materials in parts of the building envelopes, such as the roofs or facades. Furthermore, "BIPV are considered a functional part of the building structure, or they are architecturally integrated into the building's design" (Peng et al. 2011) . The BIPV system serves as building envelope material and power generator simultaneously (Strong 2010) . BIPVs have a great advantage compared to nonintegrated systems because there is neither need for allocation of land nor facilitation of the PV system. Illustrating its importance, BIPVs is given as one of four key factors essential for future success of PV (Raugei and Frankl 2009) . The on-site electricity producing PV modules can reduce the total building material costs and achieve significant savings in terms of the mounting costs, especially since BIPVs does not require additional assembly components such as brackets and rails (Neuwald 2011) . The BIPV system simply makes electricity out of sunlight, silently with no pollution. All these advantages have caused a worldwide growing interest in BIPV products (Strong 2010) .
The purpose of this study is to get an overview of the different BIPV producers and products, and to evaluate which products that are most suitable for different purposes. Furthermore, it is important to know to what extent BIPV products have been tested with respect to long time durability. These investigations may then form the background and backbone for a testing scheme of BIPV products and indicate future research opportunities. This work gives many tables with a lot of information, e.g. manufacturers, product names and various properties, both in the main text and in the appendices. Some of these properties are very important and even crucial to the performance of the various products. Hence, the tables provide the readers with valuable information concerning these products. However, unfortunately it is often hard to obtain all the desired information (e.g. product properties) from all the manufacturers. In general, many property values are often not available at the manufacturers' websites or other open information channels, which is then seen as open spaces in the tables within this work. Hopefully, our addressing of this fact could act as an incentive for the manufacturers to state all the important properties of their products at their websites and other information channels, and also as an incentive and reminder for the consumers and users to demand these values from the manufacturers.
Solar cell concepts
The development of building integrated photovoltaic (BIPV) systems follows the development within photovoltaic (PV) cells in general. Hence, some aspects of the PV industry will first be addressed, before moving on to the BIPV technology. The most commonly made solar cells are made from highgrade silicon which is processed with negatively and positively charged semiconductors; phosphorous and boron. When the light energy from the sun hits the photovoltaic cell, electrons are freed to flow from the negative phosphorus to the positive boron. The current produced from the electric potential can be harnessed through a metal grid covering the cell and external circuit.
Silicon based photovoltaic cells
Silicon is the most used material for PV modules. Types of silicon materials for solar cells are monocrystalline, polycrystalline and amorphous silicon. In addition there are ribbon cast polycrystalline cells that are produced from the raw silicon dust wasted producing crystalline silicon wafers. Non-silicon based PV materials are cadmium telluride (CdTe), copper indium diselenide (CIS) and copper indium gallium selenide (CIGS). Figure 1 gives an overview of the different main PV technologies (Raugei and Frankl 2009) . Monocrystalline silicon cells are made from pure monocrystalline silicon and have the highest efficiencies, but also slightly higher prices. The colour is usually black or grey. The polycrystalline silicon cells are produced using ingots of multi-crystalline silicon. Due to an easier manufacturing process, the polycrystalline silicon cells are less expensive, but also less effective. They are recognized by the shiny blue colour that comes from the many small crystals. Polycrystallines and monocrystallines form the wafer-based technologies. Amorphous silicon cells consist of a very thin layer of un-crystallized silicon deposited onto a substrate. This makes the cells thinner and amorphous cells are also referred to as thin-film cells. The colour is brownish or reddish brown. Typical efficiencies for monocrystalline cells are 16-24%, and the most efficient monocrystalline modules to date have efficiencies of approximately 20% (Ebong et al. 2010 , Green World Investor 2011 , SolarPlaza 2011 , Yang et al. 2011 . For polycrystalline cells the efficiency is typically 14-18% (Green World Investor 2011, Wawer et al. 2011 ). Amorphous silicon cell efficiencies vary from 4% to 10% (Andresen 2004 , Green World Investor 2011 , Murphy 2011 
Nonsilicon based photovoltaic cells
Other thin-film cells in addition to amorphous silicon are: CdTe, CIS and CIGS. Buecheler et al. (2011) names CdTe and CIGS as the most promising technologies for cost-effective decentralized solar electricity production. CdTe solar cells are manufactured on a substrate glass with a transparent conducting oxide (TCO) layer usually made from flourinated tin oxide (FTO) as the front contact. This is initially coated with an n-type cadmium sulphide (CdS) window layer and secondary with the ptype CdTe absorber layer. CdTe technology has the lowest production costs among the current thinfilm modules, and is some of the most promising for wide scale application (Khrypunov et al. 2011 ). The colour is reflective dark green to black and typical cell efficiencies are 9.4-13.8% (Buecheler et al. 2011 , Khrypunov et al. 2011 , The German Energy Society (DGS) 2008 . CIS and CIGS cells are currently the most effective of the thin-film cells with typical cell efficiencies of 11-18.7% and the colour is dark grey to black (Buecheler et al. 2011 , Green World Investor 2011 , Ishizuka et al. 2010 , Repins et al. 2009 
Solar cell production
The solar cells are strung together in series to one or more strings of several solar cells. Thin-film materials can be made directly into modules. This is done by sputtering the cell material onto a substrate of glass, polyamide or stainless steel and then it is interconnected by laser to a module. The cells in the PV module are encapsulated between a transparent cover and weatherproof backing. In order to be protected from the external environment, the solar cells are usually laminated with a tempered, low iron-content glass on the front. The glass is inexpensive, strong and stable with high transparency, and it prevents penetration of water, water vapor and gases.
On the rear side there is usually a thin polymer sheet or, if the module is bi-facial or semitransparency is wanted, glass is used. On each side of the cell there is a layer of ethylvinylacetate (EVA) to provide adhesion. The stability of this encapsulant is one of the major contributors to the durability of the module. To increase strength an aluminum frame is sometimes introduced. Modules can be connected in series to strings and then in parallel to form larger units, arrays. The modules or arrays give power to components transporting and converting the DC electricity into AC electricity.
Building integration of photovoltaic cells
The four main options for building integration of PV cells are on sloped roofs, flat roofs, facades and shading systems. South-facing sloped roofs are usually best suited for PV installation because of the favorable angle with the sun. One option is to mount PV modules above the roofing system. Another option is PV modules that replace conventional building materials in parts of the building envelopes, such as the roofs or facades, i.e. BIPVs. "BIPV are considered a functional part of the building structure, or they are architecturally integrated into the building's design" (Peng et al. 2011) . The BIPV system serves as building envelope material and power generator simultaneously (Strong 2010) . This can provide savings in materials and labour, and also reduce the electricity costs, but obviously increases the importance of water tightness and durability of the BIPV product.
An elevated temperature in the module decreases the performance of the solar cells, especially for mono-and polycrystalline modules. Therefore, an air gap underneath the module is important to decrease the temperature. The thin-film products, on the other hand, perform more independently of the temperature.
For flat roofs there are three options: (1) modules mechanically fixed to the roof structure, (2) based on weight foundation and (3) an integrated solution. Depending on the geographical position of the structure, the PV modules might have to be inclinated. This is more difficult with integrated solutions. The integrated systems can include the properties of one roofing element or several. Lack of air flow underneath the module can be a challenge (in order to decrease the temperature). The use of PV in the facade can replace a glass or tile skin. Geographic position plays an important role when planning the use of photovoltaic cells in facades, and the output is higher on northern and southern latitudes. The two main categories are ventilated and non-ventilated facades. The category sets the criteria for the choice of solar cell material.
The area to be covered by PV modules varies from case to case. In general, areas that are shaded for the majority of the day should be avoided. If the project is subsidized, the subsidies might be given for a certain level of power produced, and therefore the size of the PV-covered area may depend upon this. This can lead to solutions with only a few spread PV modules, and therefore some producers offer dummy modules to provide a more aesthetical and consistent look for the roof or facade.
Architectural aspects of BIPVs
BIPV systems provide many opportunities for innovative architectural design and can be aesthetically appealing. BIPVs can act as shading devices and also form semi-transparent elements of fenestration (Jelle et al. 2012a , Norton et al. 2011 . Amorphous silicon tiles can be used to make a BIPV roof look very much like a standard tiled roof (as shown in figure 3 ), while on the other hand semi-transparent modules can be used in facades or glass ceilings to create different visual effects (as shown in figure  4 ). Some architects enjoy presenting a BIPV roof as a roof giving a clear visual impression, while others want the BIPV roof to look as much as a standard roof as possible. 
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Stateoftheart building integrated photovoltaic products
General
The evaluation of the different BIPV products may involve the following property parameters:
• Solar cell efficiency η = P max /(EA), where P max is the maximum power point, E is the input light irradiance in W/m 2 and A is the surface area of the solar cell in m 2
• Open circuit potential or voltage U OC
• Short circuit electrical current I SC
• Maximum power point P max =(UI) max
• Fill factor FF given by: FF = P max /(U OC I SC ) = (UI) max /(U OC I SC )
• Band gap E g
• Quantum yield φ = #photo-electrons / #photons
The values are achieved by the manufacturers using mainly Standard Test Conditions (STC) and also Nominal Operating Cell Temperature (NOCT).
The air mass (AM) determines the radiation impact and the spectral combination of the light arriving on the surface of the earth (Eotec Energy 2011). The air mass coefficient is given by: AM = L/L 0 ≈ 1/(cos z), where L is the path length through the atmosphere for solar radiation at angle z relative to the normal to the earth's surface, L 0 is the zenith path length (i.e. normal to the earth's surface) and z is the zenith angle in degrees (Würfel 2005 The procedures of the standards can be similar, but as described above they apply for the various cases of thin-film, crystalline silicon and module safety. 
Building integrated photovoltaic products
There is a wide range of different BIPV products which can be categorized in different ways. In this work the categorization is mainly based on how the manufacturer describes the product, and what other type of material the product is customized to be combined with. The product categories considered are foils, tiles, modules and solar cell glazing products. The modules can normally be used with various kinds of roofing material. The solar cell glazing products can be integrated in the facade, roof or in fenestration products, e.g. windows, and provide various aesthetic solutions. Some products hold a variety of properties, thus making it more difficult to categorize them. This study has been carried out on a variety of products and the tables in Appendix A to Appendix D denote a representative selection of state-of-the-art BIPV products. This study is limited to BIPVs. Nevertheless, in Appendix E there are given building attached photovoltaic (BAPV) products that are not BIPVs, or it is uncertainty regarding how the product is mounted. Peng et al. (2011) refers to BAPV as an add-on to the building, thus not directly related to the structure's functional aspects.
BIPV foil products
The BIPV foil products are lightweight and flexible, which is ideal for easy installation and the weight constraints most roofs have. The photovoltaic cells are often made from thin-film cells to maintain the flexibility in the foil and the efficiency regarding high temperatures for use on non-ventilated roof solutions. Unfortunately, there are few producers on the market that provide weather tight solutions. The fill factor is low for photovoltaic foil products due to both the low efficiency and the large solar cell resistances of thin-film cells, in this case amorphous silicon cells. However, it is possible to vary the degree of inclination of the product to a great extent providing flexible solutions. The foil product uses the PV laminates from Uni-Solar and is tested and approved according to, amongst others, EN 61646 and EN 61730 (European Comitee for Electrotechnical Standarization 2007a Standarization , 2007b Standarization , 2008 .
BIPV tile products
The BIPV tile products can cover the entire roof or just parts of the roof. They are normally arranged in modules with the appearance and properties of standard roof tiles and substitute a certain number of tiles. This is a good option for retrofitting of roofs. The cell type and tile shape varies. Some tile products resemble curved ceramic tiles (see figure 3 in section 2.5) and will not be as area effective due to the curved surface area, but may be more aesthetically pleasing. Table 3 gives examples of four photovoltaic tile products that are on the market today. 
BIPV module products
The BIPV module products presented are somewhat similar to conventional PV modules. The difference, however, is that they are made with weather skin solutions. Some of the products can replace different types of roofing, or they fit with a specific roof solution produced by its manufacturer, e.g. Rheinzink's "Solar PV Click Roll Cap System" (Rheinzink 2011 ). These mounting systems increase the ease of installation. There is a large amount of products on the market and some of them are promoted as BIPV products without functioning as weather skin. Other products are not very specific on how they are mounted which leads to uncertainty whether they are BIPVs or BAPVs. Some of the products in this category are premade modules with insulation or other elements included in the body. Table 4 gives examples of BIPV module products. 
Solar cell glazing products
Solar cell glazing products provide a great variety of options for windows, glassed or tiled facades and roofs. Different colours and transparencies can make many different aesthetically pleasing results possible. The modules transmit daylight and serve as water and sun protection. "The technology involves spraying a coating of silicon nanoparticles on to the glass or tile, which work as solar cells." (Jelle et al. 2012a) . The distance between the cells depends on wanted transparency level and the criteria for electricity production, but normally the distance is between 3 and 50 mm. The space in between cells transmits diffuse daylight. This way, both shading and natural lighting are provided while producing electricity. The producers of solar cell glazing products usually offer customized products for the specific project, but table 5 presents some predefined modules. The producers also offer customized modules regarding shape, cell material, colour and transparency level, i.e. distance between cells. Values for the efficiencies are not given for these products, but for Voltarlux a FF value of 0.55 is given with a transparency level of 10%. The transparency level varies from 16% to 41%, respectively smallest to largest size, for the Vidursolar models and is 25% for Abakus' Peak In P210-60. Other products and further details, including description of customized solutions, can be found in Appendix D.
Building attached photovoltaic products
The BAPV products are, as mentioned earlier, added on rather than integrated in the roof or facade. These products are not focused on in this study, but it is still interesting to have a look at some of them. In addition, Uni-Solar is used by several other manufacturers as given in section 3.3.1 and 3.3.2. Table 6 gives the properties for some of the BAPV products. Further details and a small selection of various BAPV products are given in Appendix E.
Comparison
The tile products are more likely to be used on tiled roofs, i.e. residential houses. Due to the easy retrofitting with these products, this market is large; e.g. for roofs on residential buildings there is a 6800 km 2 BIPV area potential, fulfilling good solar yield criteria (80% of the maximum local annual solar input), in the United States alone (Nowak et al. 2000, Prasad and Snow 2005) . The other products can be used on most structures either together with traditional roofing material or covering the entire roof. The PV foil has a very wide range of usage due to the flexibility, but the efficiency is low, thus the applied area must be relatively large in order to achieve an output comparable with the other products. The modules and the solar cell glazing products can be used on both roofs and facades achieving aesthetically pleasing results. This also facilitates using the areas with the highest levels of solar irradiance on geographically challenging locations. However it is not justified to make a comparison between these products, due to different areas of application as well as different demand for effect, costs and available area. In order to simplify the information exchange, the BIPV manufacturers may improve their specifications and availability regarding the mounting of their products.
Economics
The global market for BIPVs is expected to grow from $1.8*10 9 in 2009, to $8.7*10 9 in 2016, according to consulting firm NanoMarkets, New York (Coons 2009 ). In addition, NanoMarkets say that CIGS will account for 17% of the BIPV market by volume in 2016 and polysilicon-based BIPVs volume will drop from 75% of the market to 33% by 2016 (Coons 2009) . A long term cost trend for PV module costs is shown in figure 5 , and the historical growth of the worldwide PV market is shown in figure 6 (Breyer et al. 2010 , Wawer et al. 2011 ). The growth of the photovoltaic industry has been investigated by a patent growth analysis carried out by . "Life cycle cost (LCC) is the time-adjusted sum of all time-adjusted costs of a given system over the specified period, and must be compared with the LCC alternative system in order to make an informed choice between them. Basically BIPV system requires a big capital construction cost but no operating fuel cost." (Eiffert and Kiss 2000).
As PV panels occupy a large area for installation, the associated financial challenge could be best answered by space-saving technologies like BIPVs (Paul et al. 2010) . Incorporation of PV materials into products such as roofing materials, windows, awnings and glassed facades provides the opportunity for cost reduction by replacing common building materials with PV materials at marginal costs (Norton et al. 2011) . When compared to glass, steel or other more conventional cladding materials, installing BIPVs adds only a marginal extra cost (2% -5%) to the overall construction costs of a commercial building (Eiffert 2003) . BIPV technology is still rather expensive. One of the reasons for this is that the PV technology is still a growing technology, so BIPV manufacturers are at the beginning of their technological development (IEA-PVPS 2000) . In Europe today a maximum payback time for PV modules of ten years is generally expected, which is not possible to achieve without subsidies. The countries developed for grid connected PV systems give a higher price into the grid than exerting from the grid. In many countries there are no systems for buying the electricity produced by PV systems even though the technical solutions for redistribution of the electricity exist. If a system like the one mentioned above is established, the PV industry may have a brighter future. However, a better solution would be to distribute the electricity locally and then buy from / sell to the grid whenever needed, even though this might result in a more difficult technical solution for the electricity companies. For a building owner, the installation and operation cost of the BIPV system might be offset by selling the surplus electricity to a utility company (IEA-PVPS 1999) . Over time, the cost of a PV system will decline with the improvement of technical advances, thus a lower price per kW installed will be obtained (Sozer and Elnimeiri 2007) . This is an important part of the development to make installation and building integration of PV products profitable without subsidies.
Energy payback time for photovoltaic systems
When considering different renewable energy systems, the energy payback time is essential. It describes the amount of time it takes the solar module to create as much energy as was used to create itself. In order to determine the energy payback time the embodied energy of the system must be estimated (Hammond et al. 2012 ). The embodied energy in the materials required to manufacture a 2.1 kWp BIPV system is displayed in figure 7 (Hammond et al. 2012 ). The study conducted on PV modules installed in Switzerland estimates 2.5-3.5 years energy payback time for future monocrystalline based modules and 2-3 years for future polycrystalline modules, while the study for Europe in general predicts below one year of energy payback time for both monoand polycrystalline based modules (Alsema et al. 2006 , Dones et al. 2007 ). Both studies assume higher efficiencies of the PV cells, hence shorter payback time. When it comes to service life, avoiding too high temperatures is essential. "Heat is the key of the BIPV design. If the temperature of photovoltaic modules is too high, it will affect the efficiency of solar cells, the structure performance of the components and service life" (Wei et al. 2011 ). Sunpower offers a 10 year complete system warranty, and a 25-year limited warranty on solar electricity output for their SunTile BIPV product (see Appendix B). Solon on the other hand gives an output guarantee of 90% for 10 years, and an 80% output guarantee for 25 years for their BIPV product Solon Black (see Appendix C) . This applies for many of the manufacturers listed in the appendices. The energy analysis of a case study conducted in the United Kingdom revealed that a 2.1 kWp installed BIPV system, despite requiring large amounts of embodied energy to manufacture, had a short energy payback period of just 4.5 years, in contrast to an expected 25 year system lifetime (Hammond et al. 2012 ).
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Future research opportunities
New materials and solutions for BIPVs
The future research opportunities are based on the existing products. Many of the products can achieve a higher efficiency with better materials and better solutions. Naturally, advances in the development of PV materials will lead to advances for the BIPV systems. The challenge is achieving this at a viable cost.
New materials and technologies
New PV technologies that may initiate and advance new innovations, which may be developed into building integrated photovoltaics, might be found in various fields, e.g. (a) ultra-low cost, lowmedium efficiency organic based modules, (b) ultra-high efficiency modules, (c) solar concentrator and/or solar trapping systems embedded in solar cell surface and material beneath, and (d) flexible lightweight inorganic thin film solar cells, or others.
The ultra-low cost, low-medium efficiency organic based modules are based on dye sensitized solar cells (DSSC), extremely thin absorbers, organic polymer cells, etc. Organic semiconductors are less expensive than inorganic semiconductors like Si. The superior material properties of polymers combined with cheap processing techniques has made polymer based materials present in almost every part of the modern society (Spanggaard and Krebs 2004) . The highest reported efficiency for an organic solar cell (with the exception of DSSC) is 6.5%, and this makes them competitive with CO 2 -producing technologies (Mayer et al. 2007 ). The polymer solar cells are however more sensitive when it comes to degradation. Oxygen from the atmosphere will oxidize the organic layer. More stable devices have already been made and progress in this field is important for polymer solar cells to have a future as commercial devices and to be used in various BIPVs (Jørgensen et al. 2008 ).
The ultra-high efficiency modules are based on quantum cells and nano-structured devices, e.g. the record efficiencies for polymer-based solar cells have been observed in disordered nano-structured heterojunctions, and further gains are expected upon optimizing ordered nano-structure architectures (Mayer et al. 2007 ). Solar concentrator systems are described with arrays of PV modules that are mounted onto large movable structures which are continuously aimed at the sun.
A great deal of this new technology is already well known. However, it takes time for the products to establish themselves in the market. The dye sensitized solar cell (DSSC) is an example of this. DSSCs usually have a titanium dioxide (TiO 2 ) substrate material like in the Grätzel solar cell. The technology imitates the photosynthesis and is by Grätzel called "the artificial leaf", see figure 9 (Grätzel 1991). The cells absorb across the visible spectrum and therefore lead to increased efficiency ranging from 7% under direct solar irradiation (AM1.5) and up to 11% in diffuse daylight (Grätzel 2003 , Kim et al. 2012 , Li et al. 2012 , Prasad and Snow 2005 . The TiO 2 material is a renewable and non-toxic white mineral, and will therefore give smaller environmental impacts. An easy manufacturing process contributes to lower costs. Coloured dyes for use in DSSC based on the TiO 2 cell are developed by Massey University's Nanomaterials Research Centre and they predict costs of one 10th of the silicon based cells (ScienceDaily 2007). The reduced production costs and the decreased environmental impacts result in shorter energy and economical payback time, and therefore makes the technology very promising. The market share for this technology is still very small, but it is expected to rise and may achieve a great influence in the future.
An option for more effective harvesting of solar energy is so-called "antennas" (figure 10), which can harvest several wavelengths, i.e. a much broader spectrum of the solar radiation. This may be compared to more "traditional" sandwich solar cells. "The use of antenna-sensitizer molecular devices may constitute a viable strategy to overcome problems of light harvesting efficiency in the spectral sensitization of wide-bandgap semiconductors." (Amadelli et al. 1990 ). Research laboratories have for many years produced high-performance cells with efficiencies up to 25%-40% (The German Energy Society (DGS) 2008, Wesoff 2011). One approach is to use material with higher purity and to eliminate the impurities along in the process. Also the back surface can be passivated with silicon oxide and amorphous silicon to minimize recombination losses at the surfaces and contacts. Textured surfaces and buried contacts with minimal shading reduce optical losses. The total production is very expensive and is to date for use in laboratories only. Another way of increasing the efficiency can be concentrated photovoltaic (CPV) cells. Efficiencies reaching 43.5% has been achieved for commercial-ready CPV cells (Wesoff 2011) . These cells are typically applied in the concentrator modules based on a concept of the small-aperture refractive concentrators (Andreev et al. 2004) . Figure 11 shows photographs of flexible CIGS and CdTe solar modules. The flexible and lightweight CIGS and CdTe solar devices has in an experiment by Buecheler et al. (2011) yielded an active area efficiency of 14.7% (CIGS) and 9.4% (CdTe). These devices allow building integration in structures which cannot take the additional load of heavy and rigid glass laminated solar modules. "The flexible solar modules can be laminated to building elements such as flat roof membranes, tiles or metallic covers without adding weight and thus, the installation costs can be reduced significantly." (Buecheler et al. 2011 ). The solar cell glazing products available today have potential for optimization, e.g. the solar radiation utilized in a solar cell cannot be exploited as daylight in the buildings. "One might also envision incorporating solar cells or photovoltaics with electrochromic materials in completely new fenestration products, where the photovoltaic and electrochromic material or materials cover the whole glazing area." (Jelle et al. 2012a ).
More of the new material technology includes crystalline silicon on glass (CSG), copper indium gallium diselenide (CIGS), microamorphous silicon cells, concentrating systems and hybrid solar cells (HIT). Dow Chemical has introduced a line of CIGS-based solar shingles that will be commercially available in late 2011. This BIPV solar shingle installs and performs like a standard asphalt shingle, has an expected lifespan of 15-20 years (on par with conventional asphalt shingles), and has received a GLOBE Foundation award for "Environmental Excellence in Emerging Technology" (Coons 2009 and Dow Chemical 2010) . This is expected to be a huge contribution in bringing affordable renewable energy to consumers. The development of new PV materials and technologies will in the future contribute to new and improved BIPV products, e.g. with higher solar efficiencies.
New solutions
The new solutions in the PV industry are many and various. There is usually room for improvement in each specific system, e.g. regarding ventilation rate, positioning, removing of snow etc. For good integration results, the BIPV system has to be included early in the planning process. Communication between the planners and manufacturers of BIPV products is important for the development of new BIPV solutions. If the PV cells used are mono-or polycrystalline, it is very important to achieve a sufficient ventilation rate, as the solar cell efficiency normally decreases with increasing temperature, and should therefore be planned ahead of the construction phase. If the temperatures reach high levels one might have to install compensating solutions, such as fans etc., although usually not optimal regarding maintenance and energy efficiency.
It is expected that the systems will improve in the near future both regarding efficiency of the product and the production phase leading to decreased energy payback time. This is, however, dependent on the market situation and/or subsidies.
One might envision miscellaneous PV surface solutions for increasing solar cell efficiency and/or profitability. For example, various solar radiation trapping mechanisms might be embedded in the surface. Furthermore, one may be able to make an exterior surface capable of harvesting as much solar energy as if the whole exterior surface was covered with a PV material, while in fact the actual PV material surface is considerably smaller and located somewhat beneath the exterior surface, hence reducing the PV material costs. In principle, the latter one might be viewed as a special built-in concentrator system integrated within the PV surface, thus requiring less (expensive) solar cell material.
A macroscopic or full scale solar cell concentrator is shown in figure 12 (Tao et al 2011) . Tao et al (2011) found that a new type of trough solar concentrator "…can actualize reflection focusing for the sun light using multiple curved surface compound method. It also has the advantages of improving the work performance and environment of high-temperature solar absorber and enhancing the configuration intensity of the reflection surface". With referral to the discussion in the preceding paragraph, the idea might then be to fabricate a "solar concentrator" at a microscopic level embedded in the PV surface and beneath. Inspiration for new solutions for BIPV systems can be gathered from this type of application. The BIPV might be formed as a trough at a material level, and hence lead to improved efficiency and reduced costs of the building integrated PV cells.
Another option for more effective solar energy harvesting is the inverted pyramid texturing of the solar cell (figure 13) (Smith and Rohatgi 1993) . The great light trapping properties of the inverted pyramid geometry is due to the following three effects: (1) reduced front surface reflectance by providing the opportunity for a portion of the incoming solar rays to undergo a triple bounce, (2) increase in path length of the solar ray through the cell, thus absorbing a larger fraction of the solar rays which has entered the cell before exiting the cell, and (3) increase in amount of solar rays reflected from the back surface, by total internal reflection at the front surface/air interface by making the incident angle greater than the critical angle. The inverted pyramid texture on solar cells is estimated to give cell efficiencies of approximately 24% with realistic cell design and material parameters (Smith and Rohatgi 1993) . 
Further integration of photovoltaic cells
A future option that e.g. Enecolo and SolarPower Restoration Systems Inc. has looked into is integrating the PV cells in materials at an early stadium e.g. in prefabricated concrete plates (Prasad and Snow 2005, SolarPower 2011) . Concrete is the most widely used construction material in the world, and the integration of PV with concrete surfaces has remained largely undeveloped, thus presenting a research field with very high potential.
Another future option can be thin laminate or paint layer solar cell materials. Javier and Foos (2009) fabricated a complete photovoltaic cell using a handheld airbrush, dilute solutions of CdSe and CdTe nanorods, commercially available silver paint, and transparent-conducting-electrode-coated glass. They explored the suitability of a handheld airbrush to create high-quality films and were able to form ultra smooth surfaces from 20 to 500 nm thickness. Current estimated efficiency is very low, but the research demonstrates the variety in the potential of PV cells (Javier and Foos 2009) .
Another option, which is already being explored, is integrating PV with smart windows in a way that the PV elements will provide shading when there is need for it (Deb et al. 2001 ). This way, electricity will be produced while the window blocks the solar radiation. In the building industry electrochromic windows with no external wiring are most desirable. The National Renewable Energy Laboratory of Golden, USA have built self-powered photovoltaic electrochromic devices up to 25 cm 2 (Baetens et al. 2010 ). For these self-powered PV electrochromic devices, "…the main concerns for future largearea applications are the possible loss of the energy generated by the PV device for larger dimensions, a small range of optical modulation and rather low transmittances in the clear state." (Baetens et al. 2010 ).
Longterm durability of new materials and solutions
It is important that the new building materials, integrated technology and solutions are planned simultaneously with the building envelope. This includes requirements for rain, wind and air tightness, building physical considerations and long-term durability regarding climate exposure. Building physical considerations include investigation of the moisture transport and with this the condensation risk. With new materials the moisture transport and distribution within the building element might change, and knowledge about these aspects are important.
The long-term durability versus the various climate exposure factors need to be considered. Examples of this are (Jelle et al. 2012b ):
• Solar radiation (UV-VIS-NIR)
• Ambient infrared (IR) heat radiation • High and low temperatures • Temperature changes/cycles giving freezing/thawing processes • Water, e.g. moisture and wind-driven rain • Physical strains, e.g. snow loads
• Wind • Erosion, also from above factors • Pollutions, e.g. gases and particles in air
• Time for all the factors above to work
All new products should achieve approval in accordance with the current standards. For thin-film PV cells the test procedures are given in standard EN 61646, and for crystalline silicon PV cells EN 61215 applies. Many of the tests given are to determine the durability of the product in the different conditions, and all climate exposure factors above except for pollution, microorganisms and oxygen are included. Test procedures for these factors may be found in the standard UL 1703. Some of the new technology will not be considered by these standards. As far as it is possible the existing standards can be used. With further development of new materials, there is a need for new standards specifying procedures for these materials.
The standards describe test procedures for the robustness of terminations test. However, since the standards are based on the PV module only, further testing procedures of the module integrated in the building should be developed with the increasing interest and production of BIPVs.
Visions for the future
The main target is BIPVs replacing conventional roof and facade materials. This is already in progress as the global market for BIPVs in 2009 was $1.8*10 9 , and it is expected to grow to $8.7*10 9 in 2016 (Coons 2009 ). Nevertheless, there is still a great need of increasing the volume of PV and BIPV produced electricity.
Many new pathways exist beyond the current BIPVs. Some of the possible paths have already been mentioned in the previous chapters. New developed technologies may give a huge variety of solutions. Low production costs, low environmental impacts and high efficiencies are key factors for the future development.
The research and development of solutions regarding BIPVs for the retrofitting market are of great importance as the volume of existing buildings is many times greater than the volume of buildings to be constructed. The market for retrofitting of roofs is already under development and is growing, e.g. in Hong Kong, where similar BIPV concepts can be applied to facade systems (Lo 2006) . Easy application of PV cells in existing materials is essential, and it may in the future be performed by e.g. various paint techniques.
Future solar cell materials may be envisioned with the possibility of internal energy storage, e.g. analogous to a photoelectrochemical solar cell (PEC) with internal storage. There are various batterytechnologies out there, e.g. metal hydrides. Nano technologies could be one of many possible ways of increasing energy storage density.
In various countries there is a great need for governmental subsidies to get the industry started as it has been carried out with success in southern Europe. Along with this, a system for feeding the grid with PV electricity is necessary.
Solar cell glazing products enable an almost unlimited range of opportunities. BIPVs as solar cell glazing products, providing both solar shading, daylight transmission and producing electricity, are very valuable and may be even more utilized in the future. Furthermore, forthcoming theoretical and experimental explorations may provide the PV and BIPV industry with several new and innovative materials and solutions. "Future solar cell materials may also be envisioned as thin laminate or paint layers, hence also enabling application by paint brush or spray." (Jelle et al. 2012a) . A development towards higher efficiency and better thermal insulation properties increases the energy efficiency and shortens payback time, e.g. highly relevant in the northern part of Europe.
Conclusions
The present study has shown that there are great variations in the available building integrated photovoltaic (BIPV) products. This study has encountered only one photovoltaic foil BIPV product commercially available. In general, foil products may have a great range of application due to the flexibility of the material. The categories tiles and modules include numerous products and some of them are not very distinctive when it comes to how they are mounted, thus making it somewhat difficult to categorize them. However, there are many interesting products that both seem to give good weather tightness, satisfactory appearance and fairly high efficiencies. In most of the products, many opportunities exist regarding what type of roof material to be combined with the PV material. The solar cell glazing products included in this study are mainly predefined modules. These may give a great aesthetical appearance in addition to provide weather tightness, solar shading and natural lighting. However, the total area efficiencies are quite low. This is, among other factors, due to the glass spacing between the PV cells.
New technologies under development will in the future provide BIPVs with higher efficiencies and lower production costs. This will lead to shorter energy and economical payback times. Some of the new concepts are organic based PVs, such as dye sensitized TiO 2 cells, and high efficiency modules. New solutions can also both reduce costs and increase the market share, amongst other in the retrofitting market. 
Appendix A -BIPV foil products

